Abstract. We propose a model to study the spin density wave (SDW) phases under a high magnetic field in the relaxed (TMTSF) 2 ClO 4 salt where the ClO − 4 anions undergoe an orientational ordering transition. This opens a gap at the original Fermi surface and leads to a two band energy spectrum. We show that, in the high field regime, a competition takes place between the interband and the intraband SDW order parameters. We find that the intraband SDW component has always the highest critical temperature but it is due to two coexisting order parameters. This coexistence tends to destabilize the corresponding phase as the temperature decreases. Eventually, a first order transition takes place from the original SDW phase to a new phase originating from interband processes. The obtained results agree with the experimental phase diagram.
INTRODUCTION
The Bechgaard salt family (TMTSF) 2 X, where TMTSF denotes tetramethyltetraselenafulvalene and X= PF 6 , ClO 4 , ReO 4 etc., exhibit one of the most interesting phenomena, which is the cascade of Field Induced Spin Density Wave (FISDW) phases when a magnetic field is applied perpendicular to the most conducting planes [1, 2] . These phases show a quantized Hall resistance ρ xy = h/2Ne 2 in the sequence N = ...4, 3, 2, 1, 0 as the magnetic field is increased. Each SDW phase, labeled with an integer N, is due to a nesting process characterized by a quantized wave vector as shown within the quantized nesting model (QNM) [3] [4] [5] [6] [7] . The latter has successfully explained the formation of the FISDW cascade in the (TMTSF) 2 PF 6 salt. However, in the relaxed (TMTSF) 2 ClO 4 salt the situation is more complicated since the corresponding experimental results cannot be interpreted in terms of QNM [8] [9] [10] [11] [12] [13] [14] . In the high field regime, a second order transition occurs at 5.5 K from the metallic state to a FISDW phase with essentially a field independent transition temperature above 15 T. By decreasing the temperature, a first order transition takes place at 3.5 K from the original FISDW phase to a second SDW state [10, 13, 14] . The nature of these high FISDW phases is puzzling, in particular, the labeling of these phases by a definite quantum number N is not obvious. The deviations of the (TMTSF) 2 ClO 4 behavior from the predictions of the QNM is believed to be due to the ordering of the ClO − 4 anions along the b direction perpendicular to the chains at T AO ∼ 24 K. This opens a gap on the original Fermi surface inducing a two pairs of Fermi sheets. In this paper, we focus on the role of the anion gap on the high FISDW subphases. In the following, we present a model to deal with the SDW instabilities which may take place on a four open sheets of Fermi surfaces.
INSTABILITY CRITERIA
The dispersion relation of a quasi-one dimensional (1D) organic conductors is well approximated by:
where k x (k y ) is the electron momentum along (across) the chains and v F is the Fermi velocity. t b and t b are the effective hopping integrals along the b direction to, respectively, the first and the second nearest neighbors.
The anion ordering introduces a periodic potential V(y) = V cos π b y. Treating V as a perturbation, many authors have shown that it plays a crucial role in the stability of the FISDW phases [15] [16] [17] [18] . Considering the anion potential as a perturbation up to the first order, Osada et al. have argued that in the presence of a magnetic field the energy spectrum of (TMTSF) 2 ClO 4 salt reduces to two bands given by [17] (Fig.1 ): In the following, we will focus on the N=0 and the N=1 phases, since the FISDW appearing in the high field regime correspond to the smallest quantum numbers. In Ref. [17] , the calculations were carried out in the absence of the electron-electron interactions. To study the instability of the interacting system, we consider the different forward scattering processes g µ , (µ = 0, f, t, b) which may take place in the presence of two bands [19] .
Using the formalism introduced in Refs. [6, 20] , we obtain the following Stoner criterion for the N=0 phase: Concerning the N=1 phase, which is induced by only one nesting vector, the obtained Stoner criterion is the same as that derived in the case of a single band quasi-1D system such as (TMTSF) 2 PF 6 , namely:
where χ 1 (q 1 , T ) is the susceptibility of the N=1 phase at the wave vector q 1 = 2k F + G [4, 6, 20] . Eq.4 gives rise to the transition temperature T 1 from the metallic regime to the N=1 phase.
To study the relative stability of the N=0 and the N=1 phases, we consider, in the next, the behavior of the free energy within the Ginzburg-Landau expansion.
THERMODYNAMICS
Due to the presence of two nesting vectors in the N=0 phase, the formation of the latter will depend on two order parameters ∆ A 0 and ∆ B 0 respectively for the A band and the B band. However, only one order parameter is involved in the N=1 phase since it is caused by a single wave vector q 1 . Writing the total free energy of the system, we find that, due to the presence of a positive coupling term, the minimized free energy will correspond to either ∆ 0 = 0 (∆ 0 ≡ ∆ A 0 = ∆ B 0 ) or ∆ 1 = 0 but not to the case where both of them coexist. The study of the competition between the N=0 and the N=1 phases reduces, then, to the comparison of the corresponding free energies F 0 and F 1 . We find that, by decreasing temperature, F 0 is enhanced due to the presence of a positive coupling term of the form
. The N=0 phase is, then, destabilized which furthers the formation of the N=1 phase. Eventually, a first order transition takes place at T * 1 from the N=0 phase to the N=1 phase. Solving the Stoner criteria (Eqs. 3 and 4) and deriving the critical temperature T * 1 from the Landau expansion, we have determined the field-temperature phase diagram depicted in Fig.2 . We have assumed that all the coupling constants g µ , (µ = 0, f, t, b) are equal. The T 0 line marks the second order transition from the metallic state to the N=0 phase. By decreasing the temperature, a first order transition occurs at T * 1 and the N=1 phase forms inside the original N=0 SDW state. In the inner phase, both order parameters ∆ 0 and ∆ 1 coexist but ∆ 1 is the largest. One should, then, expect a N=1 plateau in the Hall conductivity of the inner phase [21] , which is consistent with the experimental results. In the high field regime, the T * 1 boundary phase vanishes at a critical field H 1 at which a first order transition takes place from the N=1 phase to the high field N=0 insulating state. In the low field regime, the N=1 phase is also present, which agrees with the recent experimental phase diagrams [13, 14] . To improve the quantitative agreement between our results and the experiments, one should take into account the renormalization effects of the coupling constants due to the presence of a two band energy spectrum [22] . The difference between the renormalized coupling strengths is expected to increase as the anion gap V increases.
CONCLUSION
We have studied the effect of anion ordering on the high field phase diagram of (TMTSF) 2 ClO 4 . We have shown that the highest transition temperature correspond to the N=0 phase which is induced by two coexisting order parameters. This coexistence puts at a disadvantage the N=0 phase as the magnitude of the order parameters increases with decreasing temperature. A first order transition takes, then, place from the N=0 SDW phase to a new SDW phase which forms inside the original SDW one. We have shown that the inner phase is the N=1 SDW state involving a single order parameter. Our results are consistent with recent experimental phase diagrams.
